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I. INTRODUCTION 
1.0 The Problem and the Goal of This Investigatiom 
Vacuum tubes in many applications operate for long 
periods of time below out-off; that is, despite the fact 
that rated heater voltage is applied and the cathode is 
hot, the grid bias is suoh that the tube draws no electron 
current. In computer circuits this oondit ion me.,- persist 
for manr thousands or hours during which the tube is 
merel,- standing by waiting for a pulse so that .it may then 
perform its useful function 1n the circuit. 
It has been found that after these tubes have been 
operating below cut-off for such long periods of time, 
the,- suffer a significant deterioration of output when 
the,- receive a pulse and are called on to deliver current. 
This decline in characteristics has been the subject 
for considerable research, and it has been experimentally 
determined that this effect is due to the formation of an 
interface resistance layer of barium-orthosilieate 
(Ba2Si04 ) between the oxide coating and the bare nickel 
cathode sleeve.l8,19,20,21,22,23,24 
This interface resistance acts like an added cathode 
bias resistor shunted by a condenser,ll,25 and usually 
takes several thousand hours at rated life operation to 
build up to a sufficient order of magnitude so that its 
effect is significant. 
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Another phenomenon occurs during cathode life. This 
is the loss of barium or barium oxide from the outside sur-
face of the oxide coating. At high cathode temperature and 
over long time intervals this loss becomes significant, re-
sulting in loss of emission characteristics and leakage 
paths. 
The purpose here is twofold: 
a. To investigate this phenomenon of deterioration due 
to interface formation which occurs 1n oxide-coated 
cathodes when tubes are operated below cut-off in a 
standby condition for long time .. ·intervals. This in-
terrace necessarily occurs as a result of chemical 
reaction plus atom movement. The silicon atoms must 
move out of the nickel cathode and into contact with 
the oxide coating. An attempt is made to describe 
this movement quantitatively according to diffusion 
theory. 
b. To extend the diffusion theory approach to the other 
atom movements (barium depletion) that occur · auring · · 
electron emission. 
Although considerable data in connection with this 
subject has been presented in the literature, the mechanisms 
for explaining interface formation have not been too satis-
f-actor·y. In this work original experiments and results are 
presented, and an engineering solution to the problem is 
made evident. In an attempt to explain theoretically some 
2 
of the experimental results, this paper approaches the 
problem from the viewpoint or thermal diffusion effects, 
and then possible influence on interface resistance forma-
tion. 
2.0 Relationship of Problem to Basic Thermionic Emission Con-
cepts 
Since this problem is so intimately connected with 
thermionic emission phenomena, one cannot discuss it with 
sufficient completeness without at first introducing a 
proper thermionic emission background. 
2.1 Some Early History 
In .the very early days thermionic emission was 
obtained by boiling off the electrons from tungsten or 
platinum filaments. This involved the consumption of con-
siderable power, however. Later it was found that better 
emission efficiencies were obtained when the tungsten 
filament was contaminated with several per cent of thorium 
This discovery resulted in the ·thoriated tungsten era. 
Thermionic emission as we know it today did not come into 
its own until the discovery of the oxide-coated cathode 
about four decades ago.3° 
Perh~ps the most important contribution to basic 
thermionic emission concepts was made by Richardson, who 
in the years 190~ and 1903 published two papers which 
proved to be the basis of much subsequent work.37 His 
3 
experimental results showed that the electron current 
flowing from a hot metal maintained at a constant tempera-
ture increased to an approximately steady value as the 
plate potential was increased. Furthermore, he observed 
that these saturation currents had inoreasingl7 higher 
values as the temperature of the emitting metal was in-
creased. His conclusions were that these saturation val-
ues of current represented the collection by the plate of 
all the emitted electrons and that these electrons origi-
nated from among the electrons which were present in a 
metal and responsible for its electrical conductivity. It 
was considered that these escaping electrons had received, 
through the increased temperature, sufficient kinetic 
energy to enable them to overcome the forces tending to 
retain them in the metal. This picture led to the deduc-
tion of an emission formula relating an exponential in-
crease in the emission with the increase in temperature. 
This formula will be more completely discussed later on. 
Since Richardson's time hundreds of articles on ther-
mionic emission have appeared in the literature. Despite 
this fact, there is no universal agreement or clear-out 
understanding of just how we get thermionic emission from 
our Iresent day vacuum tubes. 
2.2 Electron Theory of Metals 
A mental picture of the lattice structure of metals 
is necessary for a proper understanding of their thermionic 
4 
emitting properties. X-ray studies reveal most metals to 
be crystalline in structure. This means that they consist 
ot an array of atoms built up by regular repetition in 
three dimensions of some fundamental structural unit. 
UDder these conditions the atoms of the elements are locat-
ed so close together that some of the electrons in the 
outer shells are as much associated with one atom as with 
another. Thus., the attachment of these electrons to any 
individual atom is practicallJ" zero and . < they.,_-:_. may be 
free to move at will throughout the interior of the metal 
under the action of any applied forces. It the temperature 
is sufficiently elevated, the velocities acquired by some 
of the free electrons, due to their heat agitation, are 
sufficient to more than overcome the sphere of nuclear 
attraction, and thus we have the phenomena of thermionic 
emission. 
2.3 Work Function 
The free electrons within a metal possess varying 
amounts of kinet i c energy which range upward from zero to 
a definite normal maximum. 27 , 38 The greater portion of 
electrons have energies near the normal maximum. The high-
est energy free electrons are more nearlJ" in position to 
escape from the metal than are any of the others. An elec-
tron escaping from the surface of a conductor leaves on 
the metal a positive charge, called the image charge, which 
exerts an electric image force tending to prevent departure 
5 
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A definite amount of energy, usuall'J measured in el-
ectron volts and called the work function, muet be given 
to any one of the highest energy free electrons to enable 
it to escape in spite of the loss of kinetic energy experi-
enced in overcoming the image force. The addition to low 
energy free electrons of an amount of energy equivalent to 
the work function cannot release them, because it is an 
electro~s total energy to which the possibility of escape 
is primaril'J related. Work functions of some of the more 
common emitting materials, past and present, are tabulated 
below: 37 
Material Work Function (Electron Volts) 
Platinum 6.0 
Tungsten 4.52 
Mol'Jbdenum 4.3 
Tantalum 4.1 
Nickel s.o 
Thoriated Tungsten 2.7 
(Ba-Sr) Oxides 1.0 
Although the absolute values of work functions ot these 
various materials will depend on the source, they show 
orders of magnitude and indicate clearl'J how the present 
da'J alkaline earth oxides are such better emitters than 
the previously used pure metals. 
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2.4 The Emission Formulae 
There are many formulae which have been developed 
theoretically and empirically to describe thermionic emis-
sion phenomena. The two most important or these formulae 
are the Richardson's Equation and the Langmuir-Childs' 
37 law. These will now be discussed in more detail. 
2.4.1 Richardson's Equation 
The concept of an "electron gas" which was supposed 
to behave like an ordinary molecular gas has played an 
important role in the development or emission theory. 
It was by the use or this concept that Richardson de-
rived his famous thermionic emission equation: 
( 1) lrs ~ A~ [ -t 
where 
Is is the emission in amperes per square centimeter, 
A is a constant which has a numerical value of 60.2 
for all pure metals, 
f. is the work function expressed in volts, 
T is the absolute temperature of the emitting body, and 
K is Boltzmann's constant expressed as 0.863 x lo-4 
volts per degree. 
The emission given by this equation is saturated 
emission or temperature limited emission; in other words, 
this equation gives the total emission at a given tem-
perature which a 'cathode is capable or supplying and is 
independent of the geometry or a particular vacuum tube 
7 
structure. 
2.4.2 Langmuir-Child's Law 
In actual operation vacuum tubes do not operate 
under the temperature saturated conditions as indicated 
b7 the Richardson's equation. Instead the usual operat 
ing condition for vacuum tubes is such that onl7 about 
one percent of the saturated current is drawn. Since 
the electron supply is much greater than the electrons 
collected by the anode, an equilibrium state is estab-
lished 1n which the cathode is surrounded by a cloud ot 
electrons, this being a "space charge" which will limit 
further emission. 
In the case of diodes where the anode and the oath-
ode are concentric c~linders, the plate current is ex-
pressed by the following equation: 
I is the current in amperes, 
E is the voltage applied between the cathode e.nd the 
anode, 
1 is the length of the collector anode, 
r is the radius of tm anode 
~ 2 is a constant which is determined by the ratio of 
the anode to cathode radius. For most applications 
Je 2 i s equal to unity. 
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This equation is known by several different names; 
for example, the Langmuir-Child law, the three-halves 
power law, or simply the space-charge equation. It will 
be noticed that this equation relates the current in 
terms only of the applied potential between the anode 
and cathode, and the geometry of the tube. Therefore, 
when a tube is limited by space charge conditions, the 
only factors which will determine the maximum current 
will be the tube geometry and the applied potential. It 
should be noted that the space-charge current does not 
depend on the work function or the temperature as the 
Richardson equation does. 
2.5 Electron Emission Theories 
There are many theories which attempt to explain ther-
mionic emission from oxide coated cathodes. A review of 
the early theories and an excellent bibliography is given 
by Blewett.7 
In general, the early theories concerned themselves 
with the concept of electric current through the oxide 
coating that consisted of electrons that traveled from 
barium atom to barium atom u.nt il reaching the· surface, each! 
time transforming these atoms temporarily into ions. In I 
this theory the BaO-Ba-Ni lattice was essential for pro- j 
ducing a low work function material. 
More modern theories deal with the oxide coating as a 
sem1-eonductor25 , 27 and attempt to explain changes in ther-
9 
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mionic emission phenomenon in terms or changes in energy 
levels of the Ni sleeve-oxide coating lattice and by com-
9 43 48 49 50 plex solid-state phenomena. ' ' ' ' 
The most recent theory is that advanced by Loosjes 
and Vink34 who attempt to explain thermionic emission in 
terms of "hole" or "pore" conduction. Despite the many 
theories and controversy connected with them, they all 
have one fact in common; they all depend upon the produc-
tion of free barium as a necessary ingredient for obtain-
ing thermionic emission. The r~eai goal then of the entire 
oxide-coated cathode activation process is to produce the 
optimum amount of barium, thereby producing the optimum 
amount of thermionic emission. 
2.6 The Oxide-Coated Cathode 
2.6.1 General Background 
The importance of the base metal in getting ther-
mionic emission has been a source of argument among 
physicists for the past three decades. The present 
thinking is that it is extremely important and may 
serve as the key to the thermionic emission puzzle. 
Some of the proponents of the importance of base metal 
were Benjamin and Rookaby4 '~ Blewett7, Lowry35,sproull4a 
and Wright49 • 
The filaments of the tubes most generally used by 
the early investigators consisted chiefly of platinum, 
tungsten or carbon. The three most important practical 
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types of emitters in use today are tungsten, thoriated 
tungsten, and oxide-coated cathodes. s ·ince our applica-
tion deals exclusively with the oxide-coated case, our 
remarks will be confined to this type cathode. 
A metallic cathode which has been coated with one 
or more of the oxides of barium, strontium, or calcium 
is known as an oxide-coated cathode. Such cathodes 
when properly treated exhibit the characteristic of 
being exceedingly good emitters of electrons. 
For ten years after its inception the oxide-coated 
cathode remained 1n the laboratory as the object of 
further study and of much controversy. Shortly before 
World War I this cathode was developed commercially to 
be used 1n vacuum tubes. The coating for this purpose 
was sintered in air upon a base material of platinum 
alloy. Part of the base was dispersed and combined with 
the coating with the result that the coating had a gray 
appearance. Hence, this coating came to be known as a 
combined coating. 
It was not until about 1925 that the technique of 
producing a white uncombined coating was mastered to 
such an extent as to make commercial use of it. Since 
that time, we have seen further improvement in this 
technique with resulting increase 1n the efficiency of 
the uncombined coatings, so that oxide-coated cathodes 
are now generally employed whenever large electron emis-
11 
sions are required at low beating power. 
2.6.2 Preparation of Oxide Coated G~tbodes 
Because the oxides of the alkaline earth metals 
are unstable in air and combine rapidly with moisture 
and carbon dioxide, it is commercially impossible to 
use these oxides as such for the preparation of the 
coating. It is therefore necessary to go over to the 
carbonates of these metals. These carbonates have the 
required stability in air and the decomposition product 
is carbon dioxide which is pumped out of the tube during 
the exhaust cycle. 
Experience has shown that one of the best emissive 
coatings contains a combination of about 57% Baoo3 , 36% 
srco3 , and 7% caco3 by weight. However, it should be 
noted that at the present time there is a great deal of 
agitation for the adoption of other widely different 
combinations by Widell47 , Oardell33 , and others. In the 
subsequent processing of the cathode coating, the car-
bonate powders are mixed with an organic suspending me-
dium, such as butyl acetate, and rolled and ball-milled 
until the proper density, particle size and viscosity 
are obtained. In order to improve the adherence of the 
carbonates, it is customary to employ a binder such as 
nitrocellulose. This is burned off and removed by the 
pumps during the exhaust schedule. 
After the cathode coating is prepared, it is 
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sprayed onto the nicHel base metal in an automatic con-
veyorized machine. 
The final goal of all the cathode coating process-
ing is to produce a chemically olean coating of barium 
and strontium oxide on the surface of the nickel base 
in an evacuated tube. Such a cathode exhibits the prop 
erty of electron emission only after a rather eomplieate l 
activation schedule, which ~esults in various physical 
and chemical changes in the vacuum tube system. Atom 
movements and chemical reactions in this system are dis 
cussed in a general way before the activation and pro-
cessing are described in Section 2.8. 
2.7 Physical Aspects of the Vacuum Tube 
* 
An operating radio receiving tube is an evacuated, 
sealed chamber in which the pressure is an equilibrium 
value dependent on the activity of the getter and the gas 
contents of the tube components, their vapor pressures and 
their temperatures. Th~ cathode is ordinarily a piece of 
nickel tubing coated with a mixture of alkaline earth 
oxides continuously being beat treated in a metallurgical 
sense at a temperature of 780°0* in this atmosphere. · · · 
The other tube components, with the exception of the tung-
Cathode temperatures are generally measured with an optical 
pyrometer. The optical pyrometer gives brightness temperature, 
which can be converted to true temperature if the spectral 
emissivity of the radiating body is known. The temp. of other 
parts such as grids and plates are measured with a thermocouple 
which gives true temperature. In this paper all temperatures 
ed can be cons~ed as true unless oth~ 
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sten beater wbiob may be at llOO cC, are being beat treated 
at temperatures roughly between 450°C for number one grids 
to 300° 0 for the plates. For the purposes of this paper 
particular emphasis will be given to the cathode and cath-
ode coating. 
2.?.1 Vapor Pressure 
The nickel cathode matrix, the coating components, 
and each of the impurity materials have their charac-
teristic vapor pressures. Evaporation proceeds, wher- -- 1 
ever the material has access to the tube atmosphere, un I 
til the atmosphere is charged with sufficient atoms or 
molecules to equal the equilibrium vapor pressure for 
that material. The equilibrium vapor pressure is a 
function of the material, the temperature, and the mol 
fraction of the material if it should be in a state ot 
solid solution. In the latter case the vapor pressure 
will follow Raoult's law for low concentrations. Tbe 
cathode is commercially pure which means that it is 
99.50% to 99.8% nickel with impurities of copper, iron, 
silicon, manganese, magnesium, titanium, oxygen, carbon 
sulfur, and nitrogen. A cathode at operating tempera-
tures will be in an atmosphere of these elements and 
the vapors of barium and hydrogen contributed from the 
cathode coating and the hydrogen fired parts. Total 
pressure will in general not exceed lo-5 mm. of mercury. 
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2.7.2 O'oncentration Gradients and Atom Movements 
As an impurity, such as copper, evaporates from 
the nickel core, a layer poor in copper is formed at 
the surface of the cathode. At cathode temperature 
atomic mobility is such that the copper atoms in the 
"copper rich" areas of the cathode, impelled by the con 
eentration gradient, move in an effort to fill the va-
cated spaces to make a structure the composition ot 
which is uniform from point to point. This undoubtedly 
is never achieved, even in many thousands of hours of 
tube life, since each physical-chemical tendency must 
interact with all the others so that the final composi-
tion distributions are the eq~ilibrium composition dis-
tributions. The movement of any atom in the nickel 
crystal lattice proceeds as a function ot comparative 
atom size, temperature, time, physical condition of the 
nickel, presence of other impurities, effect of other 
tendencies such as evaporation, chemical reaction, con-
centration gradient, etc. 
Atomic diffusion may be treated quantitatively by 
application of Fiok's law. 
(3} dm =--DA~ dt 
where 
dm is the amount of solute in grams or mols diffusing 
in time dt direction of the con-
15 
entration ~~~~~~~~~~======~========= 
centimeters 
D is thus a proportionality constant representing the 
quantity of solute which diffuses in one second 
across an area of one square centimeter through a 
unit concentration gradient. 
D is a characteristic value for each solute-solvent 
pair and includes all the variables except concentra-
tion gradient and time. 
Fick's law may be expressed: 
( 4) 
or, more generally 
(5) 
This expression may then be employed after deter-
mining the particular boundary conditions which apply. 
Barrer3 , Darken13 , and others2 ' 6 ' 14 have written exten-
sively about solid state diffusion phenomena. There is 
an excellent compilation of D values in the "Metals 
Reference Book" by Smithels42 • 
2.7.3 Background of Application of Diffusion Analysis to 
Vacuum Tube Systems 
Early in the history of vacuum tube manufacture, 
investigators realized that electron emission occurred 
as a consequence of solid state atom movements. Langmuir 
16 
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wrote the first paper on this subject in 192231 1n which 
he gave a detailed quanti~ab~treatment of the movements 
of thorium in the lattice of a tungsten filament. ·Later 
work on this system was done by Langmuir32 , Dushman17, 
and Fonda26 • It was established that the thorium dif-
fused along three paths - through the matrix of the 
tungsten, along crystal boundaries. and upon the filament 
surface. D values were determined for diffusion along 
each of the three paths according to experimental data. 
It was found that most of the movement of thorium in 
a thoriated tungsten filament occurred on the surface 
and in the grain boundaries. 
Andrews and Langmuir1 also extended the analysis 
to the diffusion of carbon into thoriated tungsten. 
However, at the Jresent writing there are no references 
in the literature which deal with solid state diffusion 
in the nickel core or in the oxide coatings on oxide 
coated cathodes. 
2.7.4 Annealing and Stress Relief 
Annealing and stress relief are also diffusion 
phenomena. The nickel crystals which are usually ini-
tially stretched in the direction of cathode drawing 
(see Fig. 1) as received, recrystallize gradually back 
to an equiaxial condition under the influences of tem-
perature and time (Fig. 2). At the same time crystals 
feed from adjacent crystals with time in accordance with 
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the tendency toward grain growth. For a given tempera-
ture grain growth is asymptotic with time and an equili-
brium grain size usually results of about 0.001 inch in 
diameter. While these grains appear completely annealed 
on metallographic analysis, X-ray diffraction investiga-
tion shows them to be lined up in such a way that one 
family of crystal faces is presented to the cathode coat-
ing more frequently than any other. This is the phenom-
enon of preferred orientation; the cathode "remembers" 
that it had been severely stretched in one direction, 
and annealing cannot completely eradicate the initial 
lineup of its crystal planes. Since each crystal face · 
is in effect a separate metal with different hardness, 
electrical resistivity, and work function, significant 
differences in emission might well be observed if other 
crystal faces were investigated for emission character-
istics. 
2.7.5 Surface Tension 
Surface tension tendencies exist in cathodes as in 
all metals, and impurities that are not in physical 
solution have a tendency to "ball-upn. In steels, a 
long time heat treatment results in the "spheroidiz ing" 
of the carbides. We may expect spheroidizing of any 
oxides, carbides, sulfides or other inclusions in the 
n~blwtihl~g lile oper~ioo. 
18 
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2.7.6 Chemical Reaction 
2.7.7 
Perhaps the most impor~ant tendency in a cathode 
is that of chemical reactio~. This depends in great 
part on atomic mobility sinc'e the c athode i mpurities 
figure in the reactions. Where atoms have a tendency 
I 
to react, they must move th~ough the nickel lattice 
until they meet each other. , After reaction, the reac-
tion product in the core of the metal may spheroidize 
or may react further on the surface of the nickel with 
the cathode coating. Impur:t:ties in solid solution may 
I 
also migrate to the cathode ,surface and react with the 
' 
I 
cathode coating . These reactions liberate free barium 
in the coating, a phenomenon! that ultimately results in 
electron emission. 
I 
A striking conf 1rmat ion of the effect of impurities 
I 
has been found by Cardell and Lev733 who made almost 
compl etel y "dead" t ubes reproducibly without any elec -
1 tron emission simply by us ing very pure electrolytic 
nickel for the cathode and a ill components. 
I 
Thermodynamics 
The order of magnitude of the tendency to react 
I 
between different c onstituents is dependent on t he ther-
modynamic propert ies of the e l ements present. The ther-
modynamics of a chemical reaction may be expressed by 
the Gibbs free energy equation 
(6) A ST at constant T 
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where 
~ F is the free energy change for the reaction 
H is the change in heat content 
D s is the change in entropy 
T is the temperature of the reaction in degrees Kelvin 
The values of F, £> H and L\ S are characteristic of 
the temperature of the reaction and the reactants. Val-
ues of these quantities for different reactants are 
often available in the literature; or they may also be 
calculated from heat capacity data in the literature; 
or they may be estimated from data for reactions betweer 
similar materials. 
The free energy is in turn related to the equili-
brium constant for the chemical reaction by the equatior 
(7) /). F = -RTlnK 
where 
R is the gas constant 
K is the equilibrium or mass action constant, being 
equal to the product of the thermodynamic activities 
of reaction products over the thermodynamic activi-
ties of the reactants with each factor raised to the 
power of its coefficient. Thermodynamic activities 
may be taken as the partial pressures of the gaseous 
materials and as the mol fractions of the dissolved 
materials. Discrete undissolved substances such as 
inclusions are taken as having activities of one. 
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Knowing the cathode temperature and the quantities of 
all the chemicals present as solids or gases, it is pos-
sible to predict roughly which reactions will "go", and 
the order of likelihood of reaction, and how far the re-
action will proceed. 
Data for calculating equilibrium conditions may be 
found in Kelley's Bureau of Mines Publications.29 
Chipman8 has obtained useful data for rapid calculations. 
Applications of the principles of thermodynamics to con-
ditions of particular interest to radio tubes have been 
made by Dushman16 ~ Lustman 36 , and Wbit e46 • White •s ar~ ·~ 
ticle has perhaps the most specific approach to the oxide 
cathode. He has shown that it is thermodynamically con-
sistent for free barium to be formed from the reducing 
action of impurities in nickel cathodes. He postulates 
the following reactions each of which furnishes some 
uncombined barium. These are: 
(8) BaO (solid) + c (graphite)= Ba( ) -r co gas (gas) 
(9) 2BaO(s) + Si(s) ==- 2Bag + Si~ (liquid) 
(10) 3BaO(s) + Si(s) = 2Ba(g) + BaSi03 (s) 
(11) BaO(s) + Mg(s)::::. Ba(g) + MgO(s) 
Although Ba, Sr, and Ca in the coating all take part 
in these reactions, for simplicity Ba alone is considered 
A special note is in order with reference to equa-
tion (10). Although Eisenstein23 and others have iden-
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tified the interface resistance compound as Ba2sio4 , · 
there is little thermod,namie, chemical, or physical 
data for this compound. There is data available, how-
ever, for BaSi03 • Consequently, this compound is used 
1n the thermodynamic and diffusion computations. This 
will introduce no error in the order of magnitude of 
the results. 
It is of interest to note the similarity of the 
oxide coated nickel cathode to a mol ten bath of nickel 
which is being purified prior to being poured into a 
crucible and ingots, but which has the same impurities 
as may be found 1n the nickel cathode. All the effects 
of evaporation and atomic movement proceed in the liquu 
phase as in the solid except for increase in rates of 
movement and reaction. The nickel bath would most 
likely be covered with a layer of slag initially consist-
ing of lime (CaO). Silicon, which may be added to the 
melt to reduce the oxygen, thus forms Si02 which would 
migrate to unite with the CaO to form a conventional 
slag consisting of one basic and one acid constituent 
namely CaO.Si02 or CaSio3 • Such reactions also take 
place more sluggishly in the solid state with BaO as 
the slag-former with Si02 to form BaO.Si02 or BaSi03 as 
indicated in equation (10). 
2.8 Cathode Processing and Activation 
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2.8.1 General 
It must be made clear that the cathode system of 
(BaSrCa)O with active emitting barium centers is not 
something that one can achieve simply by spraying the 
oxides onto the metal cathode and then placing into an 
evacuated chamber. This attainment of the emitting sys· 
tem is dependent on certain processing techniques pecul· 
iar to radio tube manufacture. 
2.8.2 The Materials - Base Metal and Carbonates 
The nickel cathode in receiving tubes is normally 
a piece of tubing with 0.030" to 0.1 11 OD, wall thicknes2 l 
of 0.0025" and a length of one-half inch to an inch and 
a half. Some typical compositions follow in Table 1. 
Table I 
Some Typical Cathode Analyses 
Cathode ,Percentages) 
Lot 
A 
B 
c 
D 
E 
Si Fe Mn Mg Cu Ti \ by weight 
.018 .099 .091 .024 .018 .033 
.012 .068 .195 .030 .072 .018 
.016 .310 .125 .021 .019 .024 
.20 .21 .20 .11 .18 .03 
.02 .05 .22 .01 .03 .04 
max. max. 
Compositions (A,B, and C) are so-called "normal" 
cathodes. For special applications "active" (D 1n 
table) and "passive" materials (E in table) may be ob-
tained containing greater or lesser quantities or sili-
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con and magnesium. 
The emission coating is applied not as oxides but 
as an equimolar. 'mixture of the ca:rbonates, Baoo3 and 
S:roo3 .oaoo3 may also be present in a small quantit:r. 
These materials were discussed in greate:r detail in 
Section 2.6 .2. 
2.8.3 The Exhaust Schedule 
Completed tube st:ruotures a:re sealed into glass or 
metal envelopes and connected by an exhaust tube to a 
vacuum pumping system. Heater leads a:re connected to a 
voltage source. A vacuum in the order or 10!- 2 to lo-3 
mm. of mercury is achieved and then an overvoltage is 
applied to the heater (a six volt heater is generally 
subjected to 15 volts). The cathode (normal operating 
temperature '780 °0) is brought to approximately 1200 °0 
by this "hot shot 11 • At this temperature the reactions 
go effectively to completion since the co2 is rapidly 
drawn off by the vacuum pumps. The impurities Si, Mg, 
and Ti in the Nickel core can begin to reduce BaO at 
the hot-shot temperature. Mn may have a slight reducing 
power. Ba gas and metal are formed as reaction products 
and emission starts in accordance with solid state prin-
ciples that are not completely unde:rstood or agreed upo~ 
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by the authorities in the field. As will be shown 
later, the reactions will continue at normal cathode 
temperatures, but the equilibrium constants will be 
smaller and the extent of reaction will be less than at 
hot-shot temperatures. 
Another function of the hot-shot is to degas the 
cathode. After the high temperature treatment is con-
cluded, the getter is immediately flashed and the ex-
haust tube tipped off. Atmospheric pressure in the 
tube is now in the order of lo-5 to lo-10 millimeters 
of mercury. 
2 .8.4 Aging 
Although the cathode now emits electrons, it does 
not do so as efficiently or as consistently as is de-
sired. An aging schedule is then employed. A typical 
schedule consists of 30 seconds to a minute of cathode 
burning ~t hot-shot rating (1200°0). The tubes are 
then given fifteen minutes of class A operation at 10 
to 20% above rated cathode current with slightly elevat-
ed cathode temperature (850°0). Finally the cathodes 
are merely heated to 800°0 for fifteen minutes with no 
drain. After these treatments most tubes have high 
emission and good consistency during long life. 
Hot-shot and aging schedules such as the ones out-
lined have been arrived at empirically in industry by 
tube engineers. They represent the best combinations 
26 
of conditions for inaugurating the necessary atom move-
ments and chemical reactions and for achieving chemical 
and physical equilibrium. In thousands of hours of 
cathode burning and cathode emission current drain the 
same atom movement and reaction equilibria established 
in aging continue. A later section will attempt to 
describe these phenomena quantitatively. 
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II. MEASUREMENT OF THE BARIUM ORTHO-
SILICATE INTERFACE RESISTANCE 
1.0 Interface Resistance Problem 
1.1 Histor.,-
Pbysicists first became cognizant of the interface 
resistance II' oblem during World War II. Coomes9 , Buck10, 
25 Fineman and Eisenstein working in the Radiation Labs of 
M.I.T. noticed a decay in the pulsed characteristics of 
some high powered magnetrons. X-Ray diffraction studies 
of some of these tubes were made by Eisenstein.l8, 24 He 
determined that the interface resistance was Ba2Si04 , a 
result which was verified by Rooksby. 41 
After the war the problem lay dormant for about three 
years. 45 In 1949 engineers at Project Whirlwind, M.I.T., 
working on computers noticed a deterioration on some tubes 
which had been operated below cut-off for considerable 
lengths of time. This deterioration 1n most cases was 
sufficient to make the computer inoperable. It was sug-
gested by Dr. Nottingham of M.I.T. that this might be 
allied to the interface resistance problem previously 
noted in the Radiation Labs. Tests at Raytheon33 and at 
the University of Missouri18 , 19 showed that this hypothe-
sis was correct. 
This problem is a very important one, which has been 
observed for one practical reason or another by nearly all 
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laboratories working on electronic computing devices. 
Perhaps the most outstanding theoretical work done 
in connection with this problem was carried out by 
Waymouth44 while at M.I.T. He found that the B~Si04 
was present both in the tubes which were operated below 
cut-off on a life test rack and showed high interface re-
sistance, as well as those tubes which had regular conduc-
tion on life and did not show any resistance. In other 
words, although measurable interface resistance was ob-
tained only when the tubes were cut-off, the Ba2sio4 was 
present in both the tubes which were cut-off and the tubes 
which had regular conduction on the life racks. 
Waymouth attempted to explain this by reasoning that 
when the Ba2Si04 is formed while the tube is conducting, 
a certain fraction of the stoichiometric excess Ba formed 
at that time remains in the silicate layer. This provides 
the Ba2Si04 with donor centers, converting it from an in-
sulator to an N-type semi-conductor, in which form it has 
negligible resistance. 
If, however, the tube is cut-off on life, and no elec 
tron emission is drawn from the cathode, then the .barium I 
migrates out of the silicate layer by thermal diffusion, 
reducing the concentration so that the Ba2s1o4 remains as 
an insulator, causing a high interface resistance at the 
cathode. 
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1.2 Test Methods 
There have been many methods described in the litera-
ture for determining the ~esence of this int~rface res~­
tance. Some of the most important ones will be enumerateo 
below: 
1.2.1 Direct Measurement By Probe Technique 
11 In this technique, used by Danforth and 
Goldwater12 , two fine wire platinum probes are embeddec 
in the coating. The current characteristics resulting 
from the potential applied between the ~obes gives a 
quantitative determination of the 7oating resistance. 
1.2.2 Change in Pulse Wave Shape 
This method was used by Frost and Waymouth.44 
It may best be explained with the aid of the figure 
below: 
No Interrace 
Resistance 
OBSERVED . VOLTAGE PUlSE 
Fig. 3 
Interface 
Resist~ a 
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I 
The diode under test is pulsed at constant current, 
space-charge-limited. A synchroscope is used to ob-
serve the potential across the diode during the pulse. 
If the cathode has no interface resistance, the voltage 
pulse across the diode will be square . and equal in 
height to the potential necessary to draw the pulse 
current space-charge-limited as shown in Fig. 3. Ir 
the cathode has an interface resistance, a potential 
will build up across this resistance during the constan~ 
current pulse as: 
(14) V1 = iR(l-e-t/RO) o:=:t < 2.5~ sees 
(where V1 refers to the exponential portion of the pulfe 
and will decay after the conclusion of the pulse as: rif~) 
(15) 
(where v2 
wt1ere 
-t/RC V2 = v1 (2.5JAsec.)e t >-2.5;« secs 
refers to the exponential portion of the 
pulse decay) 
i is the current during the pulse, and 
R and 0 are the effective interface resistance and 
capacitance, respectively 
RC is of the oroer of a microsecond or less' 
Since the diode is pulsed space-charge-limited at con-
stant current, the potential difference between cathode 
surface and anode must remain constant during the pulse 
Consequently, any change in cathode voltage drop must ·-
be compensated for by a change in overall tube voltage 
drop. If the cathode has an interface resistance, 
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therefore, the potential across the diode during the 
pulse will be: 
and after the pulse: 
(17} 
where 
Okp and 08 are the cathode-plate capacitance of the 
diode and the input capacitance of the synohroscope, 
respectively 
1.2.3 Change of Gm with Frequency 
Raudorf39 considered the interface resistance 
as the equivalent of a resistor and a condenser shunted 
across it in the cathode circuit. In this equivalent 
network, if there is an interface resistance present, 
it will cause the gain of an amplifier to be low at 
low frequencies and high at the higher frequencies. 
Using this concept, Raudorf was able to calcul ate the 
interface resistance and the capacitance associated 
with it by means of the following equations: 
a is the gain in nepers, 
RL is the resistive load. 
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If we now say that R represents the resistance 
between the oxide coating and the core metal, C the 
shunting capacitance, gm0 the mutual conductance for 
R= o, then gm is given by: 
(19} 
l+Rg~ 
1+ jWCR 
and its absolute value: 
(20) 
Now substituting in (18}: 
(21) I \ ~ l+W2R2c2 S =loge gmRL - loge ----~---~-
- (l+Rgmo)2-+ w2R2c2 
+ loge (gm0 RL) 
By measuring the gain at three different frequencies 
and subst~tuting the found values in (21), one obtains 
three equations from which the three unknowns gm0 , R 
and C can be determined. 
1.2.4 Change of Static Plate Current 
It has been previously mentioned that the inter-
face resistance acts like an added cathode bias re-
sistor ; this fact can be utilized to quantitatively 
determine the cathode interface resistance. Thi s is 
done as follows: 
The In-EN characteristic at a standard _plate 
33 
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voltage is determined at zero hours life for each tube 
whose interface resistance is to be checked. At each 
predetermined time interval on life the tubes are re-
moved and read for plate current Wlder the standard 
conditions. From the original curve one can determine 
how much additional bias would have bad to be applied 
to reduce the plate current from the zero hour value 
to the new value. Then the relationship: .~Eg/Ip will 
give a quantitative determination of the interface 
resistance buildup with time. With this method one . 
must measure the saturated emission at each time in-
terval to make sure that the plate current deteriora-
tion with time is due to no other factor but interface 
resistance. Despite this, it is a simple method, it 
does not involve the use of ponderous pulse equipment, 
and gives as good an accuracy as any reported in the 
literature. It is the method which we have used to 
determine interface resistance on our special experi-
mental tubes. 
2.0 Experimental Method for Determining Interface Resistance 
2.1 Purpose 
The purpose of the experiments performed is threefold 
(1) To verify experimentally that interface resistance 
is formed on tubes which are operated "cut-off" for 
long periods of time at rated cathode temperatures, 
while tubes which are operated with regular conduc-
tion on life do not show any interface resistance 
build up. 
(2) To determine the effect of cathode base material 
on this interface formation. Since the interface 
compound is Ba2Si04 , a low silicon alloy base meta~ 
cathode will be compared with a relatively high 
silicon base metal cathode. 
{3) To conduct the experiments at cathode temperatures 
about 140°C hotter than normal . in addition to the 
life tests made at normal operating cathode temper· 
atures in order to observe the effect of interface 
resistance under accelerated conditions. 
2.2 Choice of Experimental Tube 
Previous investigators have either worked with com-
mercial tubes of unknown history45 or with diodes. 
Since there are so many variables associated with 
tube manufacture, it is absolutely essential that all the 
variables except the one under investigation be controllec 
as completely as possible. 
Consequently, it was felt that the ideal tube for 
the purpose of this ,-stud'y would be a twin triode. This 
would give two triode sections in the same bulb envelope. 
This means that two different cathode alloy materials 
could be compared in the same tube, and all other varia-
bles, such as mounting, parts variation, sealing, exhaustJ 
aging, would be constant. Under such conditions, differ-
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ences which appear between cathode materials will have a 
real significance. 
The double triode selected for our experiments was 
the 6SN7GT. This is a tube which bas seen considerable 
usage in computers. In addition it is a type which is 1n 
regular production at Raytheon; this meant that tests 
could be quickly and easily run, and large numbers of 
tubes could be assembled for each test; the results then 
having a considerable statistical significance. A photo-
' graph of the twin triode used is shown in Fig. 4. 
2.3 Equipment 
The equipnent used in the experimental work was as 
follows: 
2.3.1 Plate Current Checker 
This equipment was used to check the plate current 
on an experimental diode .. initially and after each 
time interval on life. The circuit diagram ·is shown 
in Fig. 5, while a photograph of the actual equipment 
is shown in Fig. 6. 
2 .3 .2 Life Burning Rack 
The Life Burning Rack Circuit is the same as that 
shown in F·ig. 5 except that the burning rack has facil-
ities for burning 100 tubes at a time {all wired 1n 
parallel). All the experimental tubes were burned on 
this rack both under the regular 11f:e condition o:t 
Ef=6.3, Ep:250V, Eg=-8, as well as the cut-off condi-
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Fig. 4 
Photograph of Twin Triode Tube 
Used in Experiments 
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t 
250 v 
t 
FIG. 5 TEST CIRCUIT FOR PLATE CURRENT CHECKER 
tion, where only heater voltage of 6.3V was applied and 
the grid and plate tied together at a -45V potential so 
no electron current would flow. The photograph of the 
burning rack is shown 1n Fig. 7. 
2.3.3 Emis s ion Tester 
As has been mentioned previously, it is necessary 
to check saturated peak emission on these tubes as well 
as plate current after each life interval, to assure our 
selves of the significance of the interface resistance 
build-up. This test was made on a peak emission checker 
whose schematic circuit diagram is shown in Fig. 8. 
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Fig. 6 
Photograph of Plate Current Checker 
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Fig. 77 
Photograph of Life Burning Rack 
EF = G.3 V 
Ep = ISOOV 
200 P. P.S. 
-RAYTHEON 7ZS 
MODULATOR 
I~ ~ECOND PULSE 
WIDTH 
~-----. 
~YNCHRO.SCOPE 
Flo. 8 TEST CIRCUIT FOR PEAK EMISSION CHECKER 
The photograph of this equipment is shown in Figure 9. 
3.0 Experi~ntal Procedure 
3.1 Tube Preparation and Selection 
One hundred 6SN7 twin triodes were especially pre-
pared as follows: 
One triode section was made with all regular parts 
except a 499 Alloy Ni cathode base was used. This is an 
alloy which is low in silicon (typical analysis about 
.02%). The other triode section was prepared in identic 
fashion except that a 220 Alloy cathode base was used. 
This is an alloy which is relatively high in silicon 
ical analysis about .09%). The tubes were processed in 
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Photograph of Peak Emission Checker 
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the conventional manner. After processing all tubes were 
checked for plate current in the plate current checker at 
Ef = 6.3, Ep-= 250, Eg = -8 (J .A.N. rating). Out of the 
hundred tubes 30 were selected as having the closest 
matching for characteristics. The readings of these tubes 
which were numbered 1-30 are recorded in Appendix I. It 
is with these 30 tubes that all the experiments were per-
formed. 
It can be seen from these readings that the tubes are 
very closely matched - the maximum deviation of the ex-
treme tubes from the average being no more than + 5%. 
-
Initially, at zero hours life, the Ip-Eg characteristics 
were taken at 6.3V and Ep = 250V. The average eharacteris7 
tic curve is shown plotted in Figure 10. For greater 
accuracy a small portion of this curve is shown expanded 
in Figure 11 . 
All tubes in addition to being read initially (0 hrs. 
life) for plate current were also read for saturated peak 
emission at Ef = 6.3, Es = 1500, rep. rate = 200 p.p.s, 
pulse width = ~ second. 
3.2 Life Testing of Tubes 
3.2.1 Life Burning Conditions 
Tubes 1-10 were put on life to burn under the 
rated conditions of Ef = 6.3, Ep: 250V, Eg? -8. 
Tubas 11-20 were put on life to operate "cut-off"; 
that is, heater voltage of 6.3 was applied, with plate 
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and grid tied together at a potential of -45V, so that 
no electron current was drawn. 
Tubes 21-30 were also put on life "cut-off" but 
at a heater voltage of e.ov instead of 6.3V. It should 
be mentioned that at 6.3V the 6SN7GT cathode operates 
at about 788°C, while at e.ov it operates at about 
925°0. 
3.2.2 Specific Testing Procedure 
Tubes 1-20 were removed from the life racks at 
1000 hour intervals. At each interval the tubes were 
read for plate current and peak emission and then put 
back on the rack. Tubes 21-30, which were run under 
the accelerated "cut-off" condition, were removed from 
the life rack and read at 100 hr.. interv.ala. 
3.2.3 Interface Resistance Determination 
When tubes are read for plate current after each 
time interval on life, one can determine from the orig-
inal Ip-Eg curve how much additional bias would have 
to be appliad to reduce the plate current from the 
zero hour value to the new value. T~enAEg/Ip will give 
a quan.titative determination of the interface resis-
tance at each time interval. 
4.0 Data and Results 
4.1 Plate Current Characteristic vs. Life 
The average plate current of each lot is shown 
plotted against life in Figure 12. It should be noted 
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bow the triode sections which are made with 220 alloy 
{relatively high silicon) and operated "cut-off" suf'fer a 
deterioration of plate current on life when measured at 
the various time intervals. On the other hand, the triode 
sections of the same tubes which were made with 499 alloy 
were practically unaffected by"cut-of.r' operation. This 
condition was true 1n both the regular cathode temperature 
case as well as in the "accelerated" - high cathode tem-
perature case. 
4.2 Interface Resistance Characteristic vs. Life 
The average interface resistance build-up on life is 
shown plotted in Figure 13. In general, the pattern of 
the life behavior with reference to interface resistance 
build-up is similar to plate current behavior except that 
the interface resistance changes are much greater than 
the plate current changes. This is to be ·expeoted 1n a 
twin triode like the 6SN7GT which has only a medium Gm 
rating; i.e., it would take considerable build-up of inter-
face to produce enough resistance to appreciably alter the 
plate .current characteristic. This might explain why 
6SN7GT 1s have been so widely used in computer circuits in 
preference to higher Gm tubes. 
4.3 Thermionic Emission Characteristics vs. Life 
The average thermionic emission changes on life for 
all experimental lots are shovm in Figure 14. It is sig-
nificant to note that the saturated (peak) emission 
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characteristics during lire for all lots is the same. It 
is also significant that the peak emission for 499 alloy 
cathodes is lower than for 220 alloy. However, no d!r-
ference could be detected under the space charge conditioi 
or regular operation. It should be noted that under the 
regular operating conditions the current drawn was 9.6 ma. 
for both the 220 alloy and the 499 alloy sections, which 
corresponds to about 0.5% of the total current the cath-
odes are capable of supplying. This difference in peak 
emission indicates why 499 is termed a "passive" alloy. 
It has a great deal less reducing impurities which will 
result in less production of free barium and less emissior. 
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III. RELATION OF THERMAL Dlli'FUSION PHENOMENA TO THER-
- --
MIONIC EMISSION ~ INTERFACE BARRIER FCRMATION 
1.0 The Vacuum Tube System 
The physical system of the vacuum tube (Fig.l5) is 
most conveniently considered to consist of the following 
parts: 
1. Nickel cathode core (zone 1) 
2. Nickel-interface-barrier transition plane {plane 1 
3. Interface-barrier layer {zone 2) 
4. Interface-barrier-oxide layer transition plane 
(plane 2} 
5. Body of the oxide layer (zone 3) 
6. Outermost surface layer of the oxide (zone 4} 
7. Oxide-atmosphere transition plane (plane 3) 
8. Tube atmosphere (zone 5) 
9. Other tube parts (zone 6) 
The events that occur in these zones are very probably 
characterized by the following: 
1. Atomic or molecular solid state diffusion in zones 
1,2,3,4,5 
2. Gaseous diffusion in p:ores in zones 2,3 ,4 
3. Evaporation from plane 3 and from other tube parts 
(zone 6) 
4. Electrolysis at planes 1 and 3 
5. Electron release probably at planes 2 and 3 and 
zones 3 and 4 
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FIG. 1s 
THE OX IDE CATHODE AND THE RADIO TUBE 
AS A PHYSI GAL SYSTEM 
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6. Chemical reactions initially at plane 1 and sub-
sequently from plane 2. Barium metal in gaseous 
form is released as a reaction product at these 
planes. F,or the purposes of this paper it will 
be stated without elaboration that electron emis-
sion, event 5 above, occurs wherever this free 
barium is found. 
In this paper the following phenomena are separately 
treated on a quantitative basis. 
1. Diffusion in zone 1 
2. The diffusion dependence of the rate of build-up 
of zone 2 as measured by the increase of electri-
cal resistance of zone 3. 
3. Chemical reactions at plane 1 as determined by 
the surface concentration of silicon in zone 1. 
This concentration is in turn determined by the 
diffusion characteristics of silicon in zones 1 
and 2. 
4. Dependence of evaporation from plane 3 as a func· 
tion of the diffusion characteristics of zone 4. 
5. Electron release (general treatment of emission) 
Events will be examined quantitatively at 900°C 
since most data in the literature are recorded near this 
0 '0 temperature. Data given for 875 C or 925 C will be oon-
side'red to be at 900°C. 
All the other physical phenomena mentioned are not 
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considered in this investigation. Neither are the effects 
of impurities other than silicon considered. 
2.0 Diffusion of Silicon Out of the Nickel Core 
2.1 Evaluation of Diffusion Constant 
' Data are lacking in the literature for the diffusion 
of silicon atoms in a nickel matrix. However, a valid 
approximation may be made from the literature. 1 , 42 At a 
temperature of 900°0 a D value of the order of lo-9 cm2; 
sec. would be reasonable for manganese and copper in nicke~ • 
In a private communication Mr. E. M. Wise, of the Inter-
national Nickel Company, intimated that this would also 
be a reasonable value for silicon in nickel. 
2.2 Mathematical Treatment of the Filamentary Case 
Barrer3 treats the case of the cylinder having an 
initial concentration Co and a surface concentration Cl 
greater or less than Co. Applying these boundary condi-
tions to Fick's law yields the expression: 
where 
C is the concentration at any radius level (cylindrical 
coordinates) 
r is any radial distance in the cylinder in centimeters 
a is the radius of the cylinder in centimeters 
the Jo and Jo1 functions are the zero order and first 
derivative of zero order Bessel functions respectively. 
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~na are the nth roots of the Bessel function. 
D is the diffusion constant of Si in Ni, taken as lo-9 
cm
2/seo. at 900°c. 
t is the time in seconds 
A more convenient form for this relation is to express 
it in terms of M, the total quantity of solute per unit 
length which has diffused in or out of the cylinder in 
time, t. 
rr2 -{23) M = ,,a {Co-G) 
where 
C is the average composition in the cylinder at time, t. 
Values of concentration are in . the units of mols/cc. 
(24) C = . 1 ja 7T 2 ~a ~ 2 r Cdr=-2 lTaG o a o C r dr 
Substituting equation 22 into equation 2'4 and integrat-
ing yields 
(25) 
Substituting 2·5 into 23 gives a convenient expression 
for M 
(26) M = Co-C + 2(01-Co) o.o 1 
7fa2 1 · a2 Z .9:2' 
' n 
This relation describes quantitatively the movement 
of the silicon impurity out of the nickel core of oxide 
coated filamentary cathodes in vacuum tubes. It refers 
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only to silicon in the form of silicon metal in solid solu 
tion in nickel and not to silica, Si02, which may also be 
present. 
3.0 The Rate of Build-up of the Interface-Barrier Layer 
3.1 Conditions for Application of Equation 26 
The total quantity of silicon (M in equation 26) dif-
fusing out of the nickel is a measure of the number of 
molecules in the interface-barrier layer (zone 2), since 
the chemical reaction that takes place at planes 1 and 2 
shows that each silicon atom that diffuses out forms one 
molecule of barium silicate. 
The reaction is: 
(27) 3Ba0 + Si (in Ni) ~ 2Ba (gas )+BaSi03 
The conditions for this application of equation 26 
may now be summarized: 
a ~ 4.36 X lo-2 em. 
Co = 6.35 X lo-5 mol/cc of Si in Ni 
C1 = a value greater than zero since analysis or the 
cathode core always shows some residual silicon 
even after many thousands of hours (Cardell33). 
This is an equilibrium value determined by the 
thermodynamics of equation 27. · 
M=. values estimated from data measuring rate of in-
terface-barrier layer resistance increase. (Figs. 
13B and 13C, 1p$.ge 49 and Section 3.4). 
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It should be noted that the nickel cathode is treated 
here as a solid cylinder (a filament), while most of the 
data in the literature referred to here applies to hollow 
cylinders. This approximation leads to a much simpler 
treatment of the phenomena without changing the order of 
magnitude of the effects. Much of the data used is for a 
0.3 om. diameter nickel cathode having a 0.0025n wall 
thickness (Eisenstein23) and a .8 om. coated length. Such 
a cathode contains 0.0048 co of nickel. A solid cylinder 
having the same length and volume of nickel and tne ~ same 
silicon content has a radius (a) of 4.36 X lo-2 em. All 
calculations are confined to a filament of this dimension. 
3.2 The Parabolic Law of Layer Growth 
Dunnl5 shows .that when an impervious layer of greater 
volume than the metal from which it is derived is built 
up, that layer grows according to a straightforward appli-
cation of Fick's Law of Diffusion. Dunn was particularly 
concerned with oxides, but the same reasoning applies to 
any type of layer growth. For eases where the layer is of 
less volume (higher density) than the metal from which it 
derive~ the layer becomes fissured and new factors enter. 
For the case of a slab covered with a higher volume 
(less 
.dense) layer, Fick 1 s Law may be stated (Barrer3) 
(28) c ::c0 (1 - _g_ (U e -u2du) Tr lo 
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where 
U = x and 
2 VDT 
c is the composition of any level x in the slab 
Substituting ·:r(a) for x allows the expression to be 
written as a function of t and 0. 
Integrating with respect to C yields an expression of 
the form 
(29) w2 - Kt 
where 
W is the thickness of the layer formed outside the metal 
K is a proportionality constant 
Barrer3 notes that this law finds greater application 
empirically in the form 
( 30 > w2 == Kt + c 
where 
C is a constant 
3.3 Proportionality of M and R for the Interface 
Data in Figs. 13B and 13C, 1pa.ge 49, show the in-
crease of effective bias resistance for the interface-
barrier layer with time at 790°c and 925°C respectively 
for two alloys. It is assumed that the thickness of the 
layer (zone 2), its electrical resistance, R, and the num-
ber of mols of BaSi03 which make it up, M, are linear func 
tiona of each other. Then equation 30 may be rewritten 
(31) R2 == Kt + C 
and M and R may be considered to be related by the propor-
tionality 
(32) M = AR 
where 
A is a constant having the units mols/ohm 
3.4 Evaluation of Constants for Parabolic Law 
It can be seen from Figs. 13B and 130, pg. 49 that 
the build-up occurs in two stages - the first is concave 
in shape - the second after longer time tends to be con-
vex. The second stage appears to conform roughly to the 
parabolic law. Only the curves for 220 alloy will be con-
sidered since the silicon content of 499 alloy is very 
small. A possible reason for the lack of conformity of 
the first stage will be offered in Section 3.5. Substi-
tuting points from the second (convex) region of Fig. 130 
yields values of K and 0 of 
K = 4.13 
0 =- 1600 
Equation 31 for the build-up of interface bias resistance 
at 925°0 then becomes 
(33) R2 = 4 .13t + 1600 
This relation is plotted as the dotted curve 1n Fig. 
130 and represents the ideal growth rate in this case for 
a diffusion limited process. 
3.5 The Patch Theory of Interface-Barrier Growth 
It should be noted that this curve is extrapolated to 
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low values of t. This is justified on the grounds that 
while on the average the interface-barrier layer grows in 
accordance with equations 26 and 30, •ctually initially 
there must be patches where the barrier does not form. At 
these localities the effect of the barrier is shorted out, 
and the concave curve of region 1, Figs. l:3B and 13n, pg~ _ 
49 results. Such a patch effect must be the result of poor 
initial contact between the oxide layer, zone 3, and the 
nickel core, zone 1. 
3.6 Assumption of Number of Mols in Interface Layer and Deter-
mination of A of Equation 32 
Eisenstein20 found that after 1225 hours at 875°c 
the thickness of the silicate layer was in the order of 
lo-3 to lo-4 em. The density of BaSi03 is 4 .o gm/cc. 
Since the silicate is derived from a porous layer of 
sprayed powders, it is assumed that its density may be in 
the order of one-fourth of this value, since the sprayed 
coating is about 1/4 as dense as its theoretical density. 
For a one centimeter length of coa~ed cathode this yields 
4.4 X 10-6 to 4.4 X lo-7 mols of BaSi03 or Si in the inter-
face layer. However, only 3.8 X lo-7 mols of Si are avail-
able in the cathode. The discrepancy may perhaps be ex-
plained by an error in the density assumption and by the 
fact that Eisenst~ in's data taken with X-ray diffract ion 
techniques were necessarily only approximate. It does 
indicate that at very least a large fraction of the silicon 
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1D the cathode core has diffused out in 1225 hours. 
C'arde1133 has shown that migration of silicon can 
take place from zone 6 (the other tube elements) to replen· 
ish the resevoir of Si in the cathode. This could account 
for mare molecules of silicon a~aring on the outside of 
the cathode than were initially contained in it. 
If we assume that all the silicon leaves the nickel 
core, a conclusion one might draw from Eisenstein's X-ray 
data, then for the filamentary cas~ M in equation 26 rep-
resents all the solute, t is effectively infinity, and c1 
goes to zero. We do not have sufficient data to say def-
initely where all the silicon in the interface comes from 
because of the possible interference of the silicon migra-
tion effect from zone 6. It is fair to say, however, in 
view of the l&rge size of the value, M, that if c1 is not 
zero, it is at least a very small number. 
In order to obtain a possible tangible value of c1 
(larger than zero); the assumption is made that in the 
case of the previously treated filamentary cylinder lo-4 
em. of BaSi03 will be formed as in the case of the .3 em. 
cathode of Eisenstein. Assuming the same thickness of 
layer formation on a 4.36 X lo-2 em. radius filament im-
plies that the layer does not use up all the silicon in 
the nickel of the core. This is justified since it is 
known that actually there will be some residual silicon 
and since the silicon has further to travel in the filament 
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than in the hollow cylinder. 
If the data of Figs. 13A and 13B, .. page 49, are 
taken to be indicative of a layer growth diffusion-depen-
dent rate process which is the same for any geometry, 
where the layer.· is much thinner than the metal, they may 
be applied to a nickel filament having a radius of 4.36 X 
lo-2 em., a value selected because it allows treatment of 
an equal quantity of nickel to what Eisenstein used. One 
centimeter of this filament would contain 3.8 X lo-7 mols 
of silicon. A lo-4 em. silicate layer on this filament 
contains 2.73 X lo-7 mols of silicon. From Fig. 13B, R at 
1225 hours may be picked off the dotted curve as 81.1 ohms 
Substitution into equation 32 yields a value gf 
A __ 2.73 X 10-7 7 l 9 l I = 3.3 X o- mo s,cm 
81.1 
4.0 Calculation of Surface Concentration, Cl, at Plane 1 
A series of M values may now be derived from Fig. 13B, 
pg. 49 and substituted into equation 26 for conditions de-
tailed in Section · .3.1. Values of c1 the surface concen-
tration at plane 1 may be found. 
Calculated results are given only for the case · of the I 
temperature of Fig. 130, 925°0, since to extend the analysi 
to 790°C (Fig. 13B, pg. 49) would involve more approxima-
tions where the values of D are only known roughly. In 
general it ean be seen, however, that for times in the 
order of 10 times as long (Fig. 13B) and for a temperature 
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of 790°0 (yielding a D value approximately one tenth that 
s.t 925Pc) equation 26 will yield the same values of c1 for 
the two oases since the same order of resistance values are 
noted. 
c·aloulations from equation 26 are relatively simple 
since the infinite series converges rapidly. 
Values of c1 are seen to vary from 1 X lo-5 to . ·S X 
10-5 mols. per oc for times of 1225 hours to 122 hours. 00 
is 6.35 X lo-5 mols./oo. 
The s ignifioance of these c·1 values is as follows: 
1. The variation of c·l is negligible considering 
the assumptions that have been made. In effect, 
C1 as determined from experimental values is 
seen to be a constant as it should be for a dif-
fusion process. Thus the phenomena at planes 1 
and 2 and zones 1 and 2 are of the sorts that 
have been assumed; namely, diffusion of silicon 
in zone 1, diffusion of silicon in zone 2 limit-
ing the rate of growth of interface barrier. 
These diffusion phenomena are controlled by c 1 
of Si at plane 1 which is a constant as would be 
expected from a chemical reaction at equilibrium 
at planes 1 and 2. 
2. The absolute value of c 1 is dependent on the 
thickness of ~a Sio3 formed. Assumptions made 
here indicate a value in the order of 6 X lo-5 
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mols./cc. Application of thermodynamics to 
equation 27 gives values of partial pressure of 
barium formed that are dependent on the deter-
mined value of c·l· 
5.0 The Effect of the Surface C:oncentration, 0 1 , of Silicon 
On the Equilibrium Pressure of Barium Produced at Planes 
1 and 2 
A. H. White46 in an excellent article has treated the 
chemical reactions that occur thermodynamically in oxide 
coated cathodes. This article is the first in the litera-
ture dealing specifically with this aspect of oxide coated 
cathodes. His treatment is a conventional application of 
heat capacity and entropy data for the various chemical re-
actions that may occur in all zones and planes of the cath-
ode. From published data White finds an equilibrium con-
stant, K, fer the reaction at planes 1 and 2: 
( 34) 3Ba 0 + S i ( s ) ----'> 2Ba ( g ) + BaSi o3 
of approximately 3 X lo-15 == ( Psa )2 at 9oooc~ 
This yields a pressure of barium gas of 5.5 X 10-7 atmos-
phere. White's equation, however, is for silicon, solid, 
having a thermodynamic activity equal to one. Actually the 
silicon is present in solid solution; it bas a vapor pres-
sure and activity proportional to its mol fraction at the 
surface. This is because of Raoult's Law which applies 
accurately at this low order of concentration. The 
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equilibrium constant more exactly is 
The mol fraction of Si at the surface (plane 2) may be 
derived from the value of C1 which is in mols/cc of Ni. 
One cc of Ni = 8.9 grams 
8- 9 ~ = .151 mole of Ni in one cc 59 
thus cl 
.151 
:::- the mol fraction af Si 
which is i n the order of 5 X lo-4 for the case out-
lined in Section 3.1. The vapor pressure of solid silicon 
at 90oPc is 1 X lo-5 atm. 28 Thus the vapor pressure 
corrected by the mol fraction of silicon according to 
Raoult's Law is 5 X lo-9 atm. It follows therefore that 
K = 3 X 10-lS = {PBa> 2 (PBal2 
(P )2 
Ba 
p 
Ba 
(Psi> 5 ~ lo:.- 9 
15 x lo-24 
3.9 x 1o-12 
This partial pressure of barium is approximately five 
orders of magnitude less than the value given by White. 
ln the event that all the Si of the nickel core is used up 
as Eisenstein's data indicate, both the surface concentra-
tion of silicon and the vapor Jressure of barium must 
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beaome vanishingly small. 
6.0 Evaporation of BaO from the Outermost Layer of Oxide, 
(Zone 4), The Phenomenon of Barium Depletion 
6.1 Method of Obtaining Data 
Eisenstetn23 has shown the variation of BaO content 
in zone 4 at 875°0 and 950°0 (Fig. 16). The method he em 
ployed is quite ingenious. He experimented with oxide 
coated cathodes which had had 1225 hours of burning at 
875°0' and 115 hours at 950°0. These cathodes had been 
operated in vacuum in a quiescent state (no electron cur-
rent drawn). The cathodes were exposed to X-radiation 
which impinged upon the coated surfaces at e. glancing 
angle. The resulting diffracted radiation then varied in 
accordanae with variations in crystal structure through 
the depth of the oxide coated cathode. The arystal in-
volved was the solid solution, (BaSr)O. 
It was found that at the surface or the oxide (plane 
3) there is no barium, indicating that during aathode life 
there has been some barium oxida depletion. This deple-
tion effect diminishes with depth to a point approximately 
10-3 f em below the sur ace. This depleted layer is desig-
ne.ted zone 4. Beyond this point the original (Be.Sr) 0 com-
position persists (zone 3). 
Eisenstein made use of the variations of thickness of 
a particular X-ray line (measured by photometer trace) as 
a function of the degree of solid solution. The barium 
oxide line occurs at a certain position somewhat displace 
from the equivalent strontium oxide line; the solid solu-
tion of these oxides gives a line somewhere between these 
two lines, the position being dependent on the relative 
quantities of the oxides. The diffracted line that re-
sults from the glancing angle impingement of X-ray radia-
tion is located between the barium oxide and strontium 
oxide lines and is made up of a summation of lines charac 
teristic of the composition variation below the surface 
in zone 4. This summation results in a broadened irregu-
larly shaped line. The irregular shape is well illustrat 
ed when photometer traces of the line radiations are take 
as with the North American Phillips diffraction apparatus. 
Ordinarily the average diffracted lines have no composi-
tion variations within themselves; therefore their traces 
may be seen to be in the shape of the Gaussian error func 
tion. The depth variation of the composition of the 
solid solution line results in a deviation from this 
Gaussian form. Eisenstein quantitatively worked out a 
quantitative relation between this deviation and the var-
iation of oxide composition with depth. His curves are 
reproduced in Fig. 16. 
6.2 Determination of Diffusion Constant for BaO in (BaSr)O 
The diffusion constant, D, for the movement of BaO 
molecules in a matrix of the solid solution (Ba,Sr)O may 
be determined from Eisenstein's data. 
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COMPOSITION vs DEPTH FOR OXIDE LAYER ON OXIDE 
COATED CATHODE ACCORDING TO EISENSTEIN . 
6.2 .1 The Filamentary Case With c1 = 0 
The boundary conditions of Eisenstein's experiment 
are such that F1ick's Law may be applied in the form of 
equation 36 (Barrer)3 
c :: - 20.0 00 1 -;-.:?= ~ 
1 7 n 
-D' 2 t e n (36) 
Equation 36 applies to a solid cylinder with boundary 
conditions (as described by Eisenstein) as follows: 
c1 , surface concentration of Bao = 0 
C0 , initial concentration of Bao = .5 mol fraction 
a ::: .15 em 
c, the concentration at any radius level, r, at 
time, t. 
D, the diffusion constant in cm2jsec for Bao. in 
(BaSr)O solid solution. It is desired to solve 
fat' the value of D. 
Eisenstein's data indicates that all the variation 
that occurs at the temperatures investigated is in a 
layer (zone 4) limited to less than twenty percent of 
the total thickness of the oxide layer (zone 3). Thus 
no appreciable error is introduced if zone 3 is taken 
to be the entire cross section of the cylinder. Equa-
tion 36 then applies. 
For the particular values of ~ and ~ used, where 
a-r is very small compared to ~ or ~' equation 33 does 
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not converge in a reasonable number of terms for cal-
culation. Therefore, a series of approximations were 
employed as detailed in Appendix II. These approxima-
tions yield the simple expression 
(37) 0 ~ 20o(a-r) 
Tn!Dt 
which was used in place of equation 36 to obtain 
values of D. 
D values are found which average in the crder ot 
3 X lo-14 cm2 /see. at · 875°0: 
4 X 10:-13 em2 /sec. at 950°0 
The small magnitude of D (it would be lo-8 to lQ;-10 
for most metal-in-metal systems) is quite reasonable 
where the dif fusing unit is of relatively large size. 
]D this case it is not known whether the BaO moves as 
a discrete molecule or ion or whether dissociation 
takes place. It is beyond the scope of this work to go 
extensively into the mechanism of the surface barium 
depletion. It will be assumed that the mechanism is 
simple evaporation of BaO molecules. 
7.0 Results 
7.1 Atom Movements 
The movements of silicon atoms through the nickel 
cathode core and through the interface barrier have been 
interpreted quantitatively according to Fick's Law of 
Diffusion. The growth rate of the interface resistance 
was observed to be in reasonable agreement with the para-
bolic law of layer growth which is in turn a diffusion-
dependent phenomenon. 
7.2 Surface Concentration of Silicon at the Nickel-Interface 
Transition Plane 
It was found that the concentration of silicon at 
plane 1 must necessarily be a very small value. F-or an 
assumed and "typical" case this value was found to be in 
the order of 1 X lo-5 mGls/cc. 
7.3 Diffusion Constant for Barium Depletion 
The diffusion constants at 875°C and 950°C were cal-
culated fer barium depletion from the outer layer of the 
oxide coating. These were found to be 
3 X lo-14 cm2 /sec. at 875CD'c: 
4 X lo-l3 cm2/sec. at ~50°C 
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IV. CONCLUSIONS AND RECOMMENDATIONS 
1.0 Verification of the Effect of "Cut-Off 11 on Interface 
Resistance 
The experimental data presented definitely verify the 
fact that interface resistance builds up considerably 
faster when the tubes are operated under the "cut-off" 
condition than when run under normal conditions with emis-
sion current drawn. Investigators31 , 23 have shown that 
the barium orthosilicate is present for both the conduct-
ing and non-conducting case. This is what one would ex-
pect, since the diffusion of atomic silicon through nickel 
is . not affected by electrical polarity of the nickel. Also 
the chemical reaction whereby barium silicate is formed 
is not a function of whether electron emission occurs; 
according to the thermodynamics that applies, Bao and Si 
in intimate contact will form Ba gas and BaSio3 at the 
cathode operating temperature. This phenomenon has pre-
viously been explained by Waymouth31 who found that an 
interface barrier layer had been physically formed whether 
the tube was operated normally or in a quiescent state, 
but that in the first case the interface was of lower re-
sistance than in the second case. In the conducting case 
there is a field at the cathode which causes the barium 
ions to behave in such a way that there is less loss of 
barium centers from the oxide layer than in the non-conduct-
_ing case. The effect of this on conductivity may be ex-
plained by solid state theory as it applies to present con 
cepts of semi-conductors. According to this theory semi-
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conductors may become more or less conductive when foreign 
atoms are introduced into the crystal lattice. These im-
purities disturb the electron balance in the matrix crys-
tals with the result · that either a superfluity or insuf-
ficiency of electrons may be present. As a result, the 
structure is then said to contain so-called donor or 
acceptor centers depending on the natUre of the impurities 
Thus one can conclude that the semi-conducting properties 
of the formed interface are a function of whether or not 
electron emission current is drawn. 
2.0 Influence of Thermionic Emission 
A natural question to ask is,how is one to be sure 
that this deterioration of plate current on life which has 
been experimentally noted is not due to an emission decay? 
The data shown in Appendix I reveal that the thermionic 
emission changes on life for all lots are negligible when 
compared to the plate current changes. 
Accordingly, the variable of thermionic emission 
changes on life can be eliminated from this consideration, 
and one can conclude that the plate current changes which 
have been noted are due to interface resistance formation 
which acts like added cathode bias resistance. 
3.0 Effect of Cathode Base I~tal 
The interface compound is BaSi03 • Silicon is, there-
fore, an important variable since without it the interface 
compound could not be formed. Our experimental twin 
triodes consisting of one triode section made with the 
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relatively high-silicon {220 Alloy) cathodes and one sec-
tion made with the low-silicon cathodes (499 Alloy) have 
definitely shown that the low-silicon cathode alloys are 
far less prone to interface resistance formation than the 
higher silicon cathode alloys. 
4.0 Effect of Accelerated Life 
The accelerated life data shown in Appendix I clearly 
indicate that a temperature increase as little as 140°C 
above the regular operating temperature is sufficient to 
cause the interface resistance to form 10 times as fast, 
as one would expect from diffusion theory. 
It should be noted in both the regular temperature 
case and the accelerated temperature case, that when the 
interface resistance appears to reach a saturated value, 
there is about 4 times as much interface resistance for 
the 220 alloy section as there is for the 499 alloy. The 
use of this accelerated condition gives a means of deter-
mining relatively quickly the eventual extent of interface 
resistance formation, and may be useful in evaluating 
different types of cathode materials. 
5.0 Diffusion in Vacuum Tubes 
5.1 General 
The vacuum tube system offers an ideal tool for the 
investigation of diffusion phenomena. A high vacuum 
atmosphere is constantly maintained and temperatures may 
be accurately controlled for long times without expensive 
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equipment. Application of Fick 1 s Law to the oxide coated 
cathode itself is straightforward and yields quantitative 
relat i ons for this case for the first time. 
5.2 Silicon Impurity Concentrat i on on the Surface of the 
Nickel G'ore 
The importance of the concept of the amount of sili-
con on the nickel surface is emphasized for the first 
time. By an application of thermodynamics to the chemicaJ 
react i on of formation of the interface barrier layer, it 
is seen that this concentration is determined by the heat 
capacities and entropies of the reacting materials, and 
as long as there is some free silicon on the surface, its 
concentration is maintained at a given level. This level 
is also dependent on the pressure of barium gas that 
could be maintained in the vacuum tube system. Since it 
is seen that the silicon impurity is present in low con-
centration, the barium pressure must necessarily have a 
lower value than that offered by previous investigators 
who did not take silicon surface concentration into 
account. It would be desirable for future investigators 
formed 
to measure the amount of BaSi03;more accurately for dif-
ferent conditions so that actual values of c1 , the surface 
concentration of silicon on the nickel core, may be cal-
culated from more accurate data than was, of necessity, 
used here. 
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5.3 Barium Depletion 
The loss of barium or barium oxide from the outer 
surface of the oxide layer has been measured and diffusio 
constants calculated. These indicate that diffusion for 
this system is slower than for any common metal system. 
Only the self diffusion of bismuth is known to be as slow 
as this. Clearly this loss of barium from the oxide laye 
is not a metal diffusion p~oces~, but the diffusion law is 
followed. 
6 .o Recommendations for Solution to Interface Resistance 
Problem 
From the experimental work done several engineering 
solutions to the problem suggest themselves. The advan-
tages and disadvantages of these will be considered. 
6.1 Use of 499 Alloys 
It has been demonstrated that the use of low-silicon 
alloys will greatly restrain the formation or the B~Sio3 
interface resistance. This fact has already been utilize 
in certain tube types with success. It cannot be univer-
sally adopted, however, because of the following disadvan 
tages: 
(a) In certain applications where extremely high 
values of peak power and current are required, 
499 alloy may be unable to meet the requirements. 
(b) 499 alloy takes longer to "activate" completely 
than other normal alloys. This is a serious draw-
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back in the present day of high-speed exhaust 
and high-speed aging {seasoning) schedules. 
{c) Because 499 alloy is low in impurity concentration, 
it is more vulnerable to "poisoning" and oxidation. 
If a coated cathode gets a layer of oxygen on the 
surface, it will be much more difficult to reduce 
this layer and get free barium if the alloy is 
499 than if it is 220 alloy. 
6.2 C'ircuit Modification 
Since this interface resistance forms so readily 
when tubes are 11 cut-off" on life, if circuit designers 
could modifY their networks so the tubes would always 
draw some current, a practical solution could be realized. 
It has been estimated by Frost40 , that 10% of the 
rated space charge current would be sufficient to retard 
significant interface resistance formation. 
6.3 Low Temperature Life Operation 
Since the experimental results have shown that a 
140°0 increase in normal cathode temperature will cause 
interface resistance to form 10 times as fast as at norma 
temperature, it is reasonable to assume that a 140° 
decrease in normal operating temperature will delay inter 
face resistance formation about 10 times as long as it 
took to develop it in the normal operating cathode case. 
While this will mean new heater-cathode designs, and pos-
sible de-rating of other characteristics, it does point 
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the way towards a practical solution. 
6.4 Development of New Cathode Alloys 
Since the chemical composition of the cathode alloys 
is the governing factor which determines interface resis-
tance formation, development of new cathode alloys should 
yield significant results. The ideal cathode mater•ial is 
one which will give copious thermionic emission, resist 
poisoning, activate easily, and still form no interface 
resistance. There are many impurities which one could 
conceive of adding to the base metal which theoretically 
would accomplish these goals. :Pure nickel cathodes which 
contain trace impurities off Mg, Al, Zr, Ti, w, Mo, either 
individually or in combination, could serve as the basis 
for an extremely interesting study towards the eliminatioi 
of the influence of interface resistance formation on 
life. All of these impurities should accomplish reductior 
of Baa at elevated temperatures with the incidental forma· 
tion of a "slag" type of interface barrier layer. These 
new layers could conceivably show some different desirable 
characteristics in their semi-conducting qualities or in 
their diffusion characteristics or in the impurity surface 
concentration maintained at the nickel core. 
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APPENDIX I 
Individual Readings of Both Triode Sections 
of All Tubes After Each Time Interval on Life 
.. 
Hrs. Life 0 1000 2000 3000 4000 5000 6000 7000 8000 
Tube If. 220 499 220 499 ~ 499 220 499 220 499 220 499 220 499 220 499 220 499 
1 9.7 9.8 9.5 9.5 9.6 9.5 9.5 9.5 9.5 8.9 9.0 9.0 9.0 9.1 8.8 8.8 9.0 8.4 Regular 
2 9.4 9.4 9.0 9.2 9.0 9.1 9.1 9.0 9.0 9.0 8.6 8.9 8.7 8.8 8.7 8.5 8.6 8.6 Conduction 
3 9.4 9.3 9.2 9.1 9.1 9.1 9.0 9.0 9.0 8.3 8.4 8.3 8.5 8.3 8.6 8. 7 8.4 8.6 on Life 
4 10.0 9.8 9.6 9.3 9.5 9.6 9.4 9.2 9.4 9.1 9.0 9.0 9.2 9.1 9.1 8.7· 8.7 8.8 
5 10.0 9.9 9.8 9.9 9.9 9 .~8 9.8 9.6 9.8 9.6 9.6 9.7 9.2 9.2 9.1 9.0 9.2 9.1 
6 9.3 9.5 9.0 8.9 9.1 8.8 9.1 9.1 9.1 9.0 9.0 8.9 9.2 9.1 9.0 8.8 8.9 9.0 
7 9.7 9.8 9.3 9.0 9.1 9.3 9.0 9.2 9.1 8.8 9.4 8.7 9.0 9.1 9.1 9.1 9.5 9.0 
8 9.9 9.8 9.8 9.8 9.9 10.0 9.8 10.0 9.5 9.0 8.8 8.8 8.9 8.6 8.8 8.6 8.9 8.8 
9 9.2 9.4 9.0 9.1 9.2 9.0 9.1 9.1 9.0 8.8 8.8 8.9 9.0 8.9 8.6 8.8 8.7 8.9 
10 10.0 9.9 9.8 9.7 9.6 9.4 9.5 9.3 9.3 9.0 9.5 9.1 9.4 9.4 9.5 9.5 9.3 9.4 
11 9.8 9.8 9.7 9.7 9.7 9.5 9.6 9.3 9.0 9.2 8.5 9.0 1.1 9.0 7.6 9.0 1.5 9.0 Cut-off 
12 9.5 9.4 9.4 9.4 9.4 9.8 9.2 9.7 9.2 9.8 9.0 9.5 8.0 9.4 7.8 9.0 7.6 9.1 on Life 
13 9.4 9.5 9.5 9.4 9.4 9.6 9.0 9.5 8.8 9.5 8.0 9.5 7.2 9.6 7.9 9.2 7.0 9.0 
14 9.6 9.8 9.4 9.3 9.2 9.1 8.9 9.4 8.8 9.3 a.o 9.2 8.o 9.o 8.o 8.8 8.o 9.0 
15 9.9 9.7 9.8 9.6 9.8 9.1 9.6 '9.2 9.2 9.0 9.1 8.8 8.0 9.0 7.6 8.8 7.4 8.9 
16 10.0 9.8 9.9 9.8 9.9 9.6 9.8 9.4 9.5 9.2 9.2 8.9 7.8 9.0 7.5 8.8 7.4 8.9 
17 9.4 9.5 9.3 9.4 9.0 8.8 9.1 9.~ 8.9 9.1 8.0 9.1 8.0 8.9 7.5 8.8 7.4 8.8 
18 9.4 9.3 9.4 9.3 9.2 9.0 9.0 8.6 8.5 8.8 8.0 8.9 8.0 8.8 8.0 9.0 8.0 9.0 
19 9.3 9.2 9.1 9.0 8.8 9.0 8.9 8.7 9.0 8.5 9.0 8.6 7.5 8.5 7.2 8.7 7 .o 8.6 
20 9.3 9.4 9.3 9.2 9.2 9.3 9.0 9.0 9.1 8.8 8.0 8.7 7 .o 8.5 7 .o 8.6 6.8 8.5 
Q) . 
0 
Hrs. Life 
Tube# 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
APPENDIX ,! (Cont. ) 
0 1000 2000 3000 4000 5ooo 6000 7000 8000 
220 499 220 499 220 499 220 499 220 499 220 499 220 499 220 499 220 499 
------------------
9.4 9.3 9.2 9.3 9.1 9.3 8.7 9.1 8.2 9.0 8.0 8.9 8.0 8.8 7.8 8.9 7.8 8.9 Accelerated 
9.3 9.3 9.3 9.4 9.1 9.2 8.6 9.2 7.9 9.2 7.5 9.3 7.4 9.0 7.4 9.0 7.5 8.9 Cut-off 
10.0 9.6 9.6 9.5 9.0 9.5 8.5 9.3 7.9 9.4 7.6 9.4 7.5 9.2 7.5 9.0 7.4 8.9 Conditions 
9.8 9.8 9.6 9.6 9.2 9.6 8.9 9.2 8.0 9.2 7.5 9.3 7.5 9.0 7.3 8.8 7.4 8.6 
9.5 9.3 9.5 9.3 9.3 9.7 9.0 9.5 8.3 9.6 8.2 9.5 8.3 9.4 8.3 9.3 8.2 9.3 
9.7 9.2 9.3 9.1 9.0 9.4 8.5 9.0 8.4 9.1 8.4 8.9 8.4 8.9 8.5 9.0 8.3 8.9 
9.3 9.5 9.3 9.5 8.9 9.4 8.0 9.2 7.2 9.2 7.0 9.3 7.1 8.9 7.1 8.9 7.2 8.8 
9.5 9.4 9.3 9.3 9.1 9.2 9.0 9.3 7.8 9.1 7.1 9.0 7.0 9.0 7.1 9.0 7.1 9.3 
9.9 9.6 9.5 9.5 9.3 9.3 9.2 9.1 7.9 9.3 7.6 9.4 1.5 9.0 7.3 9.2 7.3 9.2 
9.4 9.6 9.3 9.5 9.3 9.2 8.9 9.0 8.0 8.8 7.4 9.0 7.6 9.0 1.5 8.9 7.3 9.0 
9.6 9.5 9.4 9.5 9.1 9.4 8.7 9.2 8.o 9.2 7.7 9.2 7.7 9.0 7.6 9.0 7.6 8.9 
(X) 
,_, 
APPENDIX II 
Approximation for Equation 36 Where (a-r) Is Small 
Equation -36 as given by Barrer3 is: 
c>oo 
0 == _20o z_.L 
a 1 J'n (1) 
-Do,. 2 
e /n 
Mechanical substitution into this formula,for the cases 
where (r-a) : is small compared to r or a, is frustrated by no 
apparent tendency toward converging.The following approach 
yields a simple approximation. 
form: 
that 
Express the Bessel functions as a Taylor series of the 
(2) · f(x) = f(b)+f'(b)(x-b)+f 11 (b){x-b) 2 
where x = ~r 
b == ~na 
Jo = f 
therefore 
2! 
II 
Jo <9'na)(9'nr-.1na)2 +--
2! 
+-
It is known from the basic properties of Bessel functions 
(4) J (n)(x} 0 1 
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In equation 3 
so that the equation may be expressed 
(5) 
If the bracketed portion of the second term is much less 
than unity, then, considering equation 4, all other terms be-
come negligible, and equation 5 may be approximately expressed: 
-
20 0 Olc:>l -n~2t~(r-a)~) 0 -
-
2_- e 
a I _)1( ~ 
,..._, 20 0 Do e -D.9'n2t (6) 0 - - ~(r-a) -
-a I 
Before determining whether the bracketed portion of the 
second term of equation 5 is less than unity, it is advanta-
geous to evaluate the approximation of equation 5. 
It is known that the value of D is extremely small; there-
fore, for the first terms the expression, e-D~n2t is very close 
to unity. When n has become a large value, the expression has 
acquired a smaller value. The variation may be represented 
schematically in Fig. 17. It may be noted that the variation 
of eaeh term of the summation is very small with consecutive 
values of n. Therefore, it is reasonable to replace the sum-
mation with an integration to yield an expression of the form 
( 7 ) 0 ,.._, _ 20o (r-a) (:}n2t 
a ~ e dn 
The Watson series for ~n(in this case, ~na) is 
83 
-('J 
c. 
~ 
0 
I 
Q) 
2 3-------·---------1000 1001 1002------ --n 
VARIATION OF e-D«n 2 t WITH n 
FIG . 17 
.9-na =(n-!)lf+ 1 1 
8 (n-l nr f~(n __ .,..l )2 ete. 
4 4 
For large values of n only the first term is significant 
and n~2 is a large value of n. 
Therefore 
(8) 
(9-n" 
( .~Il 
= (n-l)"JI 
4 
==- (n-i) Tf 
a 
Substituting into equation 6 
~ 
(9) C .__. - 20o (r-a >j. -Dt Tf 2 ( 1 )2 a- e ~ n4 dn 
1 
For the purpose df easy integration it is desirable to 
express the integral in the form 
Je-Y2 dy 
Let 7= Jn::2 <n-iJ 
and dy:- }/nt 1f2 dn 
V a2 
The limits of integration are 
for n = 1 
' 
Y = 3/4 Vn:t 
for n = 00, 
So that 
(10) .O = -2C 0 (r-a))t" 
,.aJr \[15t 
d "1 
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The lower limit is effectively zero for small values of 
D. The integral expression is the Gaussian error function 
which rapidly beco~es unity as n increases. The approximation 
then becomes 
(11) 0 ~· 20 (a-r) 0 \)] 
In order finally to justify use of this expression it is 
necessary to go back to the expression Jn(r-a) of equation 5, 
If this is some value less than unity, say .5 the other terms 
in the series become negligible compared to the term contain-
ing the expression. It is desired to determine how many terms 
'. 
for J'n will be necessary to bring the value of 9"n(r-a) to ,5 
when r-a is in the order of lo-4 em. It must also be deter-
mined how many terms are necessary to bring the integral of 
equation 10 to nearly unity. The n required for the integral 
should be equal to or less than the order of magnitude re-
quired to make ~n(r-a) = ,5. 
From equation 8 
9'na(r-a) - (n-!H?) (r-a) = .5 
n-1 = (,5)(,15) 220 
4 (,0001)(3.14) 
n - 220 terms to bring 
(.9'n) (r-a) to ,5 
The integral 
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/.~ (n-il e-Y2dy 0 
equals unity when the upper limit equals 2. 
Therefore 
2 = 
2 
n • 73 X 10_2 = 270 terms 
to make the integral equal unity. 
The numbers of terms required for the two conditions 
are in the same order of magnitude so that it may be expected 
that the approximation, equation 11, is valid. 
Confirmation of its validity is given by the values 
calculated from Eisenstein's graphs, Fig. 16. D values at 
depths in the coating from . 0001 em. to .001 em. at 780° were 
found to be 3.6 X lo-14 , 5.9 X lo-14, and 2.8 x lo-14. At 
925°c D values of 4.9 X lo-13, 1 X lo-13 and 2 . 5 X lo-13 were 
found. In view of the approximate accuracy of the X-ray 
method of analysis, these values may be considered to check 
accurately. 
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ABSTRACT 
Introduction 
The goal of this investigation is to determine many of the 
factors which contribute to cathode interface resistance forma-
tion in a commercial type twin triode and to analyze these fac-
tors quantitatively by well known chemical and physical methods, 
However, since the vacuum tube represents such a complex system 
it is necessary to introduce this problem by reference to early 
history and many of the parameters associated with vacuum tube 
manufacture. With reference to historical introduction, the 
electron theory of metals, with special emphasis on the role 
which work function plays, is discussed. 
Richardson's equation and the Langmuir-Child's Law are in-
troduced to sho\Y the basic difference between total saturated 
emission, which is never attained in practice, and space charge 
emission, which is almost always encountered in practice. The 
various vacuum tube processing steps are described, and the im-
portant variables, such as base metal, type of coating, and tube 
activation schedules are noted. 
The vacuum tube, commonly treated only as an electronic 
deviee,must also be considered as a chemical-physical system 
1n which certain vapor pressures are maintained, in which chem-
ical reactions are constantly occurring, and in which atoms move 
according to the laws of solid state and gaseous diffusion. 
The longer the cathode is kept at a given operating temperature, 
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the more exactly the partial pressures of the tube atmosphere 
tend to approach equilibrium values, the more exactly chemical 
reactions go to the extent predicted by thermodynamic data, 
and the more atom movements tend to slow down as concentration 
gradients are gradually wiped out. 
During the useful life of a vacuum tube complete equili-
brium is never attained, but all phenomena proceed in accord-
ance with the tendency toward equilibrium. These phenomena 
occur mostly in the oxide coated cathode. Careful chemical 
and physical analysis shows that after many thousands of hours 
of life a number of striking changes have taken place. Those 
treated in this study may be tabulated as follows: 
1. Certain impurities normally found in the nickel 
cathode core have diffused out. 
2. A crystalline layer, gray in appearance and approxi-
mately lo-4 em. thick has formed between the cathode 
metal and its oxide coating. This is called the in-
terface barrier layer, barium ortho-silioate. This 
layer is semi-conducting in character, and during 
tube life it has acted as a cathode bias resistor. 
3. Barium oxide has been lost from the outer surface 
of the oxide layer. 
Measurement of Interface Resistance 
The deterioration of tube characteristics due to inter-
face resistance formation (item 2, preceding) is an important 
problem which industry is now facing. It may be best consid-
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ered by measuring its effect on vacuum tube operation and then 
relating this effect to the basic chemical and physical phenom-
ena which produce it. Waymouth, in a recent doctoral thesis 
at M.I.T., offered the explanation that this resistance layer 
is a semi-conductor with different electrical conductivities 
dependent on donor or acceptor impurity concentrations. 
are: 
Methods used to measure the Ba2Sio4 interface resistance 
1. The change in .pulse wave shape obtained when the 
interface resistance is present. 
2. Direct measurement with platinum probes. 
3. Change of mutual transconductance with frequency. 
4. The change of the static d.c. characteristics by 
I 
determination of equivalent bias changes on life 
due to interface resistance formation. The latter 
method was the one used in our experiments. 
A commercial twin triode was used as the experimental tube 
since it gave a means of investigating nnormal" (high silicon) 
and 11 passive" (low silicon) cathode alloys in the same tube en-
velope . Tubes were put on life at rated cathode temperature 
conditions (?90°0) and also at 930°0. At each of these tempera 
ture conditions, tubes were burned both with current drain and 
with no current drain. 
After each life interval of 1000 hours tubes were removed 
from the rack and read for plate current and peak emission. 
From these data and comparison with the original Ip-Eg curve 
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a quantitative evaluation of the interface resistance was ob-
tained. 
The results showed that at both the normal and "acceler-
ated" temperatures triode sections made with normal alloy ma-
terial resulted in much greater interface resistance formation 
and consequent lower plate current than the triode sections 
made with the passive alloy material. Ih the accelerated case, 
the same resistance found in the regularly operating case took 
one tenth of the time to form. The peak emission characteris-
tic was not appreciably altered throughout life and cannot be 
offered as the reason for the plate current deterioration on 
life. 
Relation of Interface Barrier Formation 
to Diffusion Theory and Thermodynamics 
The oxide cathode in the vacuum tube envelope may be con-
veniently described as having six zones or volumes separated 
by trans it ion planes. The various physical and chemical events. 
take place in these zones and at these planes. Diffusion phe-
nomena in the zones and chemical reactions at the planes are 
treated quantitatively in this investigation and related to 
observed variations in tube characteristics. 
Application of Fick's law of solid state diffusion to the 
silicon impurity in the nickel of the cathode core is made in-
terpreting the law for the particular geometry of the cathode. 
Fick's law relates the rate of change of concentration of a 
constituent in solution in a material to the concentration 
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gradient of the solute. A dif fusion constant, D, must be eval 
uated for each combination of materials at a given temperature 
The ideal relation for silicon diffusion out of a filamentary 
cathode is 
(1) M 
where 
M is the total number of molecules of silicon that has 
left the nickel matrix 
0 0 is the initial concentration of Si in the Ni matrix 
c1 is the surface concentration of Si maintained on the 
surface of the nickel 
a is the radius of the cylinder 
9Da are the nth roots of the zero order Bessel function 
D is the diffusion constant of Si in Ni taken as lo-9 
cm2/see. at 900°0. 
t is the time in seconds 
As each atom reaches the surface of the nickel, it is 
assumed to react with the cathode coating in accordance with 
the equation. 
3 BaO + Si ~ 2 Ba + BaSiO (diss olved in Ni) -c-- (gas) 3 
For each atom of Si that leaves the nickel matrix, one 
molecule of interface compound is formed. Thus, M of equation 
1 may be taken to be proportion•a'l to the thickness of the in-
terface layer. The value of M is seen to be a function of D, 
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the diffusion constant, and of 01, the surface concentration 
of silicon which is determined by the thermodynamics of the 
chemical reaction. These factors are therefore seen to control 
the ultimate effect of cathode bias resistance produced by the 
presence of BaSi03 • (Note that BaSi03 and Ba2Si04 are consid-
ered interchangeably due to the lack of thermodynamic data for 
Ba2Si04 .) 
Equation 1 may be stated more simply and less exactly as 
a parabolic variation of amount of interface formed (or its 
resistance) with time. From resistance data determined in 
these experiments for a cathode operating at 925°0. 
(2) R2 = 4.13t + 1600 
The data show approximate conformity to this diffusion law 
after long times of tube operation. The discrepancy from the 
data is ascribed to a non-continuous (patchy) interface layer 
during the early period of tube life. 
Indications are that ultimately most of the silicon in 
the nickel finds its way into the interface layer. However, 
an equilibrium concentration of silicon (01 ) is always main-
tained at the surface of the nickel core. After making certain 
assumptions necessitated by a lack of sufficient data 01 is 
determined to be in the order of .a x lo-5 mols/cc where c0 is 
6.35 x lo-5 mols/cc. 
A. H. White, of Bell Laboratories, has evaluated the par-
tial pressure one may expect for Ba in a vacuum tube as approxi-
mately 5.5 x lo-7 atmosphere. This was done by application of 
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thermodynamic data to the chemical reaction for the formation 
of BaSi03 1n the presence of solid silicon. Where silicon is 
present 1n dilute solution (Cl) Ba pressure must be modified 
in accordance with the degree of dilution or silicon, since 
the thermodynamic activity of Si is proportional to its mol 
fraction 1n the solvent, nickel. The value of c1 indicates 
that Ba pressure in a vacuum tube must be approximately 4 x 
lo-12 atmospheres or five orders of magnitude less than what 
one would expect when solid silicon is Jresent. 
Barium Depletion 
Data published by Eisenstein 1n 1946 at the M.I.T. Radia-
tion Laboratory indicate that the Bao content of the oxide 
coating is zero at the outermost surface and increases to the 
initial concentration at about lo-3 em depth from the outside 
after 1225 hours at 875°C and 115 hours at 950°C. 
Application of the suitable form of Fick's law to 
Eisenstein's data allows one to determine the diffusion con-
stant for BaO in the solid solution (Ba, Sr) o. Values for D 
are found to be: 
3 X lo-14 em/sec. at 875°C 
4 X lo-13 em/sec. at 950°C 
Conclusions and Recommendations 
It bas been shown that conventional solid state diffusion 
analysis is applicable to phenomena in oxide coated cathodes. 
Combination of diffusion theory with thermodynamic analysis 
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yields the calculated characteristic datum for vacuum tubes 
a 
operated under normal conditions ofjbarium gas pressure in the 
order of 4 X lo-12 atmospheres. 
Application of diffusion law to the phenomenon of barium 
depletion yields diffusion constants (D) of BaO in (Ba, Sr)O: 
3 X lo-14 em/sec at 875 °C 
3 X lo-13 em/sec at 950°C 
From the interface resistance data and results one can 
conclude that operation "beyond cut-off" is basically respon-
sible for interface resistance formation, and that this effect 
can be minimized by low cathode temperature operation, circuit 
redesign, and use of presently available passive alloy mater-
ials. Since all of these offer disadvantages, perhaps the bes1 
solution will be found in the development of E!! cathode alloyf 
which will have the ideal properties of giving sufficient emis· 
sion, resisting "poisoning", activating easily, am not formin~ 
an interface resistance. 
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